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CONFIDENTIAL

OBJECT

To obtain information on the mechanism of collapse of hollcw
charge liners by performing a metallurgical examination of the
slngs recovered after firing selectively carturized cones for the
M$ALl riflo grenade.

SUMHAARY

This Arsonal was roquasted by Abardoon Proving Ground to pore
~orm a motallurgical xamination of tho slugs rocovorod aftor
firing solontivoly carburizod conces for tho MIAL riflo gronado in
ordor to obtain infcraation on tho naturo of motval flow during
doformation of tho linors on firing and tho tomparatures dovelopod
in tho slugs.

The rosults of tho curront invostigation woro in substantial
agroomont with Birkhoffts Jot Thoory of linor collapso which
postulates that tho motallia flow in tho linor can bo approxi-
matod by assuming that tho linor matarialse bohesos liko a none
viscous liquid wndor the high rato of strain imposod by dotonation.
This thoory had roccived subst~ntial support fran high spoed
radiographic studios conductod by Sosly and Clark.

Lt appears that tho flattonocd apox of tho MIAL conical lining
is invortod by tho prossuro wave. Boginning at tho apex, the cono
thon progrossivgly collapsos inward, As tho motal mouts along
tho axis, thc mataorial nocar the innor cono surfacc is apparontly
squoczod out along the symmotrical aveonuos of oscapc. The forma-
tion of a high spood sldndor jot moving shoed Of a rolativoly low
spood slug is oxplained in this monmos,

Tho onorgy oxponded in doforming the linoer material inducos
hoating of tho slug, MNMicrostructural cxamination indicatos that
in tho contor, whoro doformetion is vory pronounced, the tampara-
turc oxcoodod this lowor oritical tomporaturo for steols Thare
is no ovidonco of ixcipiont fusion, It is not possiblo to assizn
a procisc valuo for the maximum tomporaturo, but it was probably
in tho rango 1400°F to 2400°F, Tho maximum tomporaturc at tho
surfaco of tho slugs whoro tho motal was doformod to a lossar
dourco is boliovod to havo beon in tho noighborhood of 9506°%F,
to 1200 °Fo

(LY

Conparison with obsorvations mado in tho slug formod from
tho hollow chargo linor of a 7.2% rockot indicates that tho
larger conos collapso in o mennor similar to that of tho MOAY
linars,

It 18 ricomnondod that similar ztudios b¢ mado on linars
of various duveign mado with difforont matorials.

AUTHORIZAT ION
1. APG (C) 472/12; SPORA 400,112/12812-1

2, Momo for Rocord and Approval of Zxpondituros, 26 Ny 1944

CONFIDENTIAL

J




CONFIDENTIAL

I.  INTRODUCTION

sberdeen Proving Ground has performed and sponsored an
extsnsive amount of research worx on the mechanism of collapse
of hollow cherge lirers and on the perfuretion of armor by
lined hollow charges.

Seoly and Clark (1) havo summarized the oarliecr information
and thoorics on tho funationing of hollow chargo liners. Tho
oldost thoorios of tno cavity offect ignorod tho collapsc of tho
linor and attributed tho ponotration of armor to a fosusing of
tho shock wavos by tho shapo of tho cavity. A lator theory of
Kistiakowsley, MacDougall and Mossarly rocognizod that motal
particlos arc tho agonts causing ponotration. This thoory pos-
vulatod that jots of gas broak through tho motallic linor, carry-
ing fragmonts producod by rupturc and orosion of the linori am
intoraction of tho jots was caid to causc a stong forward wavo
which Lupartud ¢ high volocity to tho motallic particlos, Anothor
thoory was that motallic particlos arc spallod off tho insido of
tho linor and aro focusod by collision with oach othor at high
volocity.

Socly and GQlark (1,2) propared high speod radiographs showing
various stegos in tho foformation of hollow chargo liners. Thoso
plcturos suggostod that tho conical lining vollapsos with a normal
volocity of 2500 to 3000 motors por soc. and that whon tho diffor-
ont sidos collido along tho axis, tho motal is forcod out along tho
syrmetrical avonuos of oscapo, this Juimiag a eidw. & »!sh spood
job ahoad of a thick rolativoly low spood job or "slug®., Thoro
was no ovidonco that a spalling of tho intorior accountoed for the
formation of the jot.

Concurrontly with the above radiographic studies, Birkhorf(B'
formulatod a jot thoory of liner collapso based on a mathomaticsl
analysie of tho doformation. 1In briof, Birkhoff assumod that tho
clastic and plastic rosistance of tho linor material could be
nogloctod under the high rate of strain imposed by detonation and
that tho flow bohavior could bo approximated through caleulations
based on hydrodynamic equationa for tho flow of nonviscous liquidse
The thoory divorgee sharply from tho focussing, spalling and shock
wavo thooriocs for hollow chargo performance in that it postuls’.onr
ths formation of & jot of motallic mattor by a squoozing of tho
coro matorial as the walls ¢cllido along tho axis,

Birkhoffts jot thoory corrolatod woll with the obsorvations
noted in tho high spood radiograrhic studiess Not only did the
qualitativo doscription of ¢he formation of tho jot and slug fit
in woll wich tho observation of 8sely and Clark, but in addition
Birkhoff mado calculations of tho rolativo massos and volocitios
of the forwnrd jot and tho hoavler siug which ho bolioved to be in
reasonablo agroomont with data obtainod during the radicgraphic studies,

().) References at end of vepcrbl
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Abordeon dusired o obtain furthor confirmatory informeti.n on
tho naturc ot :ietal flow during collapsc of the linars and on ihe
moximun vamperaturo of tho slug, Thig work is inhomogenoously
distrioutod; thore i1s an increeso in the amount of doformation in
going from tho surfaco to tho contar of the slug. Accordingly, tho
contor would be oxpectod to roach a rolativoly high temporaturo,
posgibly above the molting point. The coro thon would bo mors
plastic than tho surfaco layors ¢ tho slug.

Abordoon consulted Frankford Arsonal on tho possibility of
obtaining tho dosirod information by porforming a motallogrophic
oxaninaticn of tho rocovorod slug.

At a conforonco of roprosontatives of tho two agoncios, tho
uso of tracor matorials, oithor applioed as a coating to tho surfaco
of tho conical linors or Zoloctivoly diffusod into tho surface of
tho conos, was discussed, It was roportod that tho uase of e coppar
plating appliocd to tho surfacce of tho cono had not providoed any
additional information on tho naturo of motal flow during firing.
It was ogrood that o program for soloctivo carburization should bo
porformoeds Tho displacomont of tho carbon-rich rogions as a
rosult of conc collapso should provido infcrmation on motal flow,
~hilo the strustural changos in tho stool should provide somo
information on the tomporaturos dovolopod in tho slugs.

E

gomo oarlier oxporimonts on solectivo carburization cf conos
woro not satisfoctory tecause the Pston-~tfh ugoed t¢ inhibit
carburization had failed to porform its intendod fus.ction aud the
conos nhud beon carburized over tho ontiro surfaco.

T PR AR

Tho prosont roport summarizos thc procoduro and rosults of &
soloctivo carburizatior progrem on M9Al linors which has providod
ugoful information on tho mochanism of collapso of chorge linars.

W
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concurrontly with tho program on M9Al linors, Frankford
Arsonal at tho roquost of the Offico, Chiof of Ordnanco, porformod
o motallurgical axamination o1 =« rocovorod slug which had boon
tho linor of a 7.2% rockot. Since tho rosults of tho oxawination
aro por 1?ont to the presont invostigation, a copy of a lottar
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i roport (4) to tho 0ffico, Chiof of Ordnanes, with minor oditorisl
F rovision, is attachod as Appondix A to this roport.

& II. PROGEDIRE

w

e A Soloctive Corburization

g"«‘

S Figuro 1 shows the dimonsions of the cono of the MIAL
gﬁ riflo gronado and tho assombly of tho metullic components of tho
gf' houd of tho gronados

g
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Aftor dovelopment of a suitable carburizing oyoclo, six
conos wore to be sologtivoly carburized in tho zonos nstsd bolow
=nd shown in Figwo 2

Cono No,

1l = outsido surface - conter third of cono longth
2 - {nsido surface - conter third of cone lencth
3 - outside surfaco - rozion near mouth .
‘4, - insido surfaco - rogion noar mouth

5 = outside surfaco - rogion :noar apex of 6ono -

6 - insido surfaco - rogion noar apax of cono

Soloctivo carburization was offGotad by using a ooppor
stop-off to provont carburization in rogicns romoved from tho
soloctod zonos. Tho following schodulo woin used efter: Pro=:
liminary tosts had indicated that the desirod carburisation could
bo obteinod in this mannor:

‘le Tho Gonos wore 0loened. of .all paint ctnd greaso:
b 2 A pu'artin mtug was appliod to the surfacos in
thoso rogions which woro ultimatoly to bo carburisode -

3¢ A soppor olostroplate, approximately 0,0015% thick
was appliod to the oones; tho wex ocated aroas rewdined unplatod.

4o Tho Gotos waro box carburisod at 1700°F for 1 1/2 hoirs
romovod fram tho boax, and cooled in still afrs '

phntouow ohmmu tho atrmtuo. - ouanal ‘on &

pilot uauplq. are prodentod in Figure 3. It may bo nosod in
Figura 3a at 100X that carbon had 4iffusod fram-the unpletod
surfaco to approximately the contar of she wall and shat. tho
ocoppar oloctroplato on tho opposito surfaco had conplotoly ig-
hibitod carburization. Figure 3b.at.1000X shows' shad the' structuro
in tho carlm-uod 000 adjanont to the surfaso oouuu or hypo-
outoctold ferrito and poarlite, .

B, rutns Hollow Chargos and Rmury of nou v

Tho aix oqloetu'aly oarburised. 00nes weee: :omaod o -
Absrdeen for firing. The following.ie “he descriptton of the
firing of tho ohanges and rooovery of the uluga as ouppnod vy
Abardoons .

" "The 'si;00) ‘linerd, um portious of their. mruu o
carbiiFized, ware u-@lod as compononts of the MOAL Rifle Grunade,
Tho @enades \vco ,ﬂrod lf.atioany whilo .suspondod,: axis verdoal,
at & height of 30 ‘inokids abovo tho top of an oil drume Tho drum wos
f11lod with water in which ws imarsod. @ wiro basket. containing
rock wools Tho baskot was about 18 imchos high end ocoupied tho
bottom half of tho Aruse The dm was ombo’ded into the ground,
top lovol with tho ground surfaces.

3w
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After firing a gronado, tho baskot was liftod out and tho
rock wool was soarchod until tho slug was rocoverced. Tho ponotra.
tion of tho slugs into tho rock wool was about 5 to 10 inchos,
Thus, tho slugs travorsod about 30 inchos of air spaco, 18 inchos
of wator, =2ni1 5 to 10 inchos of rock wool immorsod in wator. Tho
tomporaturo of tho rocovery meliun was approximatoly 80°F."

IIT. EXAMINATION OF RECOVERED SLUGS

As Ganoral Foaturas

Figuro 4 shows tho oxtornal appoarancsc of tho slugs and
fragnonts as racoverod,

By Maorostructuro

Tho rocovorod slugs wore 87uvtiousd longitulinally and
deop~-otchod with an acidic coppor roagont (40 mi, HC1, 30 ml,
H20, 25 mls CpHsOH, 5 8+ CuCl,y)s Figuro 5 shows theo macrostructure
dovolopod by th?s otehing procoduro at approximatoly two timos
natural 8izo.

Cacburizavion oppears to have boen loonlizod to tho
dosirod arons oxcopt i piocos Nose« 1 and 5 whoro thoro wes
arparontly somo broakdown of tho coppor shiolding coat on tho
innar surface of tho cono. Thoe undosirablo ccrburizatrion can bde
distinguished roadily from tho zonss of iavuavronal . suisizetion
and can ho disregardod in intorprotation, Tho following charactore
istics of tho racovoered slugs woro notod by macroscopic oxaminn-
tion of tho rocovored piocos:

ls Zxcopt for tho rogion nocr tho apax, carburizod
zonce noar tho outor surfaco &id not shift longrtudinally to any
considorablo oxtont,

2. Carburizod rogions on tho inner surfaco show cvidonco
of a shift forward away from tho apox of tho cone. Thoro is ovi-
donco that material in tho contor of the slug is displacod consider=
ably from its original poaition,

3+ Thoro was a 2zono in tho contor of tho slugs which
otched at a difforont ratc than the balance of tho slug, This is
shown to bost advantago in Slugs Nos. 5 and 4y Microscopic oxams
ination, to bo discussod subsoquontly, indicated that this zono
had boon hoatod to a tomporaturs ovar tho criticsl rango.

he Invariably an inverted V structuro was developod
noar tho aroxe This structuro was notod in all six eones, bdug
i3 shown particuloriy woll in slug Noe 4.

el
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5, All of tho slugs broko at o distanco 1/2% to 3/4"
from tho apox and at o distanco approximatoly 2/3 of tho longth fron
tho apex townrd tho mouth.

Ce ¥icrostruecturo

In all of thg slugs thoro was a progressive chango in
staucturo from thoe contor to tho surfaco. Vhoro tho ecntral arocas
hnd boon carburizod, tho structuro comsiszbod laorgoly of undistortod
poarlita difforing from tho original poarlitc and apparontly formod
a8 8 rosult of transformations occurring during firing and roscovery;
this is shown in Figuro 6a. Thoro was no ovidenco of fusion of
tho motal. Whero tho steol had not boon carburizod, the structure
sonaisted of rocrystallizod forrito with some poarlite,

Tho rogions noar tho surfaco conteined distortvod pearlite
and digtortod forrite wivn somo uvidonco of racryziallization of
forrito; tho pearlite is more “granular" than it wes in tho un-
fired conoce The struocturo of a carburizod zone noar the surfaoe
is shown in Figuro 6¢., Tho structuro of a transition zono botwoon
tho contor and surface is shown in Figuro 6b.

IVe DIGCUSSION OF RESULTS

It is bolioved that thoe mechaniam of oollapse doscribvod bo-
low and illugtrated in Figure 7 is compatiblo with tho obsorva-
tions noted abovos. Tho proposod mechanism is not original with
th}a avthor; ite principal foaturos wero ouggwETed vy b ToTk

¢ Birkhotf (3} and Scoly and Clark (1s2)e A lator soction will
indicatq somo charaotoristics of cono deformation which wero nob
roportod proviouslys It appears that tho roundod apox of the
ocong i first invortod by tho prossure wave. Boginning at tho
apex, tho sono wells progressively collapso inwards An invertod
vV 18 formod by comprossion of the apex motal. A8 tho outar
dimonsions diminish, iroaing or thickening of the wall takos
placos As the motal flows toward thoe cantcr and mects, a fup-
ward siroam or jot iz formod along tho symmotrical avanue of
oscapds Although the jots formod during dotonation wees not
oxaminod, the faot that tho jots wero formod by a squeozing of
tho matorial which was originally on thoe innor surfaco of tho
conoe is strongly suggostod by tho mannor in which the mgtal in
tho ocontyal arcas was displacod forwerd away fram tho apox of
thg cono,

It §is possiblc to account for the fact that all slugs hroke
at a distanco approximitoly two thirds of tho length from tho
apox on tho basis that tho rim of tho cono offors too mush
roesistanco to pormit tho convinuation of progressivo doformetion,
and that rupturo fccurs with tho rim boing fragmontod and scattarod,

5
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Thoro is no really satisfactory oxplanation fbr tho fact that
all conos also broke noar the apoxe Macrograpnic $zamination in-
Alcates thet thoro wos no gross chango in tho moechanism of Adoformes
tior at this lovol,

The microstructural changes developed on firing can be attri«
buted to the g?ergy expended during the very rapid deformation.
A5 Birkhoff { indloated, there is greater deformation in the
center than at the suriice, and it is to be anticipsted that the
center of the slug should bo hoated to a higher tomporaturo than
tho surfacos

It is difficult to assign a valuo for tho maximum temperaturs
of tho slug sinco tho poak tomporature was maintainod for a vary
briof pariod. Tho rapid oxponditure of onorgy causod an oxcocd-
ingly rapid hoating of tho contral aroas, whilo tho hot arcas waro
probably coolod immodiatoly by tho surrounding coldor motal, Evon
whon & pioce of stool is maintainod at an olovated tomnoraturo for
a -considerablo poriod of timo and oquilibrium is ostablished by
diffusion, it is dirricult to mako any preciso statomont with
rospoct to tho ncrimum tomporatursc. Undor nonoguilibrium conaitions,
ovaluation of tomporaturo is at bost an oastimation.

Mobaliographic oxamination, Figuro 6, indicates that ’ino
poarlito has beon formed in tho centor of the slug as a result of
transformations ooccurring iw the s 501. This indicates that tho
poarlitb originally, presout, Figuro 3p fusu navo beun J;spolvou
by hoating to a tomporaturo in oxcoss of the lowar, eritical .
{4, = 1350°F approximatoly)s Thoro is no ovidence of a "surned®
sttucture which would rosult from hoating abovo tho tamporattyo
at which ificipiont fusion is notod. 'Tho poak tamporature thus fs
bolioved %o havo boon somowhero in thoe rango 1400°F to 2A00°F.

Examinution of tho structura‘nbar tho surfacd, Figire 6c,
indigatos that partial rocryatallization of the forrito has '
oscurrod; the carbides in tho pearlitic areas have boon ugglumerqtod
considorably. as comparod to tho original strusture, but do ndt
appoar to have boon dimsolvod. It i4'ostimbtod that tho mak imun
tomparates noar tho surfaco‘wae on tho ordor of 950°F. to 1150°F.

In tho intormodiate zono, Plguro 6b, tho forrite i3 complotoly
rocrystallizod while thu poarlitic areas have boon distortod by
doformatinn, tho carbidos in the poerlito havoe hoon agglomorated
considcrably bittido %iet appoar fo have bbca disgolvod, Tho tomporge
turo in this Bégion apparontly dtd not oxcaod tho Iuwor oribical
tcmporaturo {1350 F.Y.

. . . o -
vea . . .
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Tho prosoneo of poarlite in tho contrnl 2zono is somowhat
difficult to oxplain sineo wator quonching during rocovory should
bo axpactod to producc hard martensito ag a produst of trans-
formation of austonito formod on hoating ovor the oritieal rango.
Martonsito was actually nobod in somo proliminery tosts. It
appoars that thoe slugs in tho prosont progrem bocame buried in
tho rock wool at the bottom of tho rocovory tank; contact with
the rock wool apparontly provonted froc contact with wator and
promoted tho dovolopment of an insulating stoam jackets It thus
appoars probablc that tho slugs wore coolod rapldly from tho posk
tamperaturo to an intermediate temperaturo from which thoy ccolod
slowly to room tomporaturo.

V.  CORRELATION VITH HIGH SPEZED X-RAY RADIOGRAPHIC AND BIRKHOFF'S
JET THEORY

The rosults of tho macrographic and micrographic studies aro
in oxcollont sgroomont with the information gained from high speod
x-ray radiographic studios and providos additional confirmation for
Birkhoff's Jot Thoory. Birkhoff's commonts to this offcct, mado
aftor reading a lotter roport outlining tho rosults of tho curront
invostigation, aro attachod to this xoport as Appondix B.

Tho invarsion of tho apex in an cerly stage of doformation,
which is iadicatod by tho invorted V structuro, had not bcon noted
proviously. Birkhoff statos that it is reasonable to anticipato
such behovior, particularly in cones rounde? o+ *ha anr : tho M9AL
linors wsoed in this invostigation were rounded or flattonod at tho
apox as showa in Figurc 1.

VI. CORRELATION #ITH INFORJATION AVAILABLE ON OTHER HOLLOW CHARGE
LINIRG

Comparison of tho rosults of an axamination of a roecovorod slug
«ormod from the hollow charge conc of a 7,2" rockot, roported in
Appondix A, with tho 04l slugs, indicotos many foaturos of similarity.
The mechaniam of metal flow appears to havo beon similar; diffor-
ontial heating duo to tho onorgy of doformation is noted in both
instancos. ZXAven tho cracking of tho slug near the apox rogion of
tho cone is similar,

VII. CONCLUSIONS

1, A motallurgical axemination of tho slugs formod by firing
goloctivoly carburizod MYA)l conical hollow chargo linors has
providod additional confirmation of Birkhofits Jot Thoory of linor
collapso as appliod to such conical linors. This thoory had already
rocoived substantial esupport from high speod radiographic studies
conductod by Secly and Clarke It p-poars tho apex of tho cone is
first invortud by tha prossure wavs genorated by dotonation of tho

-
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powder chargs, Tho cono wall then progrossively collapses inward
boglnning at tho apox. As tho metal flows townrd the axis of tho
cono and mocts, & forward stiream or jot is formod along the sym-
motrical avoruc of oscapo. A breaking of the slugs ot a point
approximatoly two thirds of tho longth from the apox of thia cone
hag boeon oxplained on the basis that tho rim of tho cono orffeors
too much rogistanco to pormit continuction of the progrossive
collapso and rupturo of tho oone occurs. Anothor broak notoed in
all six slugs at a point l/é" to 3/L“ from the apox has not boon
explainod.

2+ Tho invarsion of the apex mentioned above had not bson
notod proviously, It has boon indicated, howevor, that this
invorsion can bo prodicted by mathematical studiecs, particularly
in conos like those omployod in tho M9Al eronade which are flatton-
ed slightly at the upox.

3« The slug upon rocovory shows a progrossivoe chango in
rilorostructuro from tho contor to tho surfaco duc to tho fact
that tho slug was hoatod by the enorgy oxpondod in doforming tho
slug. Tho contral zono of tho slug in which doformation was tho
groatost was hoated above tho lowoer oritical teomporaturo by the
onorgy oxpendod dw ing ccllapso. It is difficult to assign a
prociso voluo for tho maximun tomperaturo bocauso tho slug pro-
sumably romainod at the mrzimum tomporature only a briof time
during which oquilibrium was not attained. Thoro is no ovidonce
of incipiont fusion, and it is beliovou, wnorwiory, wual tho maxi-
mum vomporature of thoe siug was from 1400°F. to 2400°F., Tho sur -
faco of tho slug, whoro doformation was less pronounced, had
apparontly boon hoatod to c tomporaturo botwoon 950°F. and 1200°F,

4e Comparison with an oxaemination of a slug formed from tho
hollow chargo linor from a 7.2% rockot indicatos that tho largor
conos 3o0llapsc in a similar mannor.

V1II.RECCMMENDATIONS

It is rocommondod that ballistic tosts on shapod chargos with
linors of various designs and matorials be supplomonted with
motallurgical studies similar ¢- thoso roportod heroin as a moans
of obtaining additional dotai’ informaticn on tho mechenism of

linor doformation.
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FIGURE 3A, AT 100X,

PIGIRE 3B, AT 1000X,

FERRITE.

FIOURR 3

STRUCTUZE OF SELECTIVELY CARBURIZED CONX BEFORE PIRING.
SHOWS THAT CARBON PENETRATED TO APPROXIMATELY THE CENTER OF THE W

KLECTROPLATR ON LOWNER SURFACE IN:MIBITED CARBURIZATION.
8HOWS STRUCTURE NEAR SURFACE CONSISTED OF FRARLITE AND

18 SEPTRMBER 1948

#16290-1

RGPSV P A

RSk

3
St

- :




e e B T ——————————— = S

CONFIDENTIAL

Figuro 4
Photomacrographs showing apposranco of rocovored slugs

and fragennte. Photographed at 1.5X; roduced slightly
in roproductiviie
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Figuro 5

Photomacrographs showing structure dovoloped on
longituydinal suctions through tho rocovarod slugs
by dcop=otching with an acid cuprie chlorido ro-
' agont. - Photographod at 2x; roducod slightly in

‘ roproductions .
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Pigurs 6 - Structure observed iu carburized areas of recovered siugs.

a - Center of slug: MNewly formed pearlite indicates that temperature
in this zone exceeded the lower critical temperature. b - Intermedi-
ate zone: Undissolved curbides indicate tiet the temperature d4id not
exceed the lower criticel, ¢ - Near surface: Some evidence of recrys-
tallized ferrits indicates thst maximum temperature in this 2one was in
the range 050° to 1200°F, Lisg: 1000X.

Neg. #16290-2
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- APPINDIX A
i Examination of Slug Formed from the Hollow Charge

Liner of 7.2" Rocket*
1. This Arsenal has examined a recoversd hollow charge cone
from & 7.2" rocket, A summary of the results followss
As Chemical Analysis

The composition complied with the requirements for
We 1010 or 1015 steels The detailed analysis is shown in Table I.

TABLE I

Chemical Composition of Recoveroed Cone

C nno:t Percentago

[ ]

Manganeso 049

Phospharus 0,012

8Sul fur 0,021

Silicon Not, deteotod

Coppar® 0.03

Nickol* 0,03

Chroniun® 0,03

dei\l‘ v o

¥olybdonum* 0,01

Aluninum® 0.01

_ Tungsten® Mot dotectod
( ' * gspeotrographic Analysis
Be Nacrographic Examination
Figuro 1 shows the oxternal appearanco of tho
rocoverod slug at approximately 1,5X.
Tho picco was sootionod longitudinally and otched in
50% hydrochloric acid at approximately 170°2. for 10 minutes. A
photomaorograph showing the resulting appvarance is showa in
-Pigure 24 It is to bo notod that thero aro apparently throo
distinot Zonos: (&) outer, {b) intormodiato, and (c) contor,
* Roportcd to 0ffico, Chiof of Ordnanco, 00. 400.112/13640, SPOTB-
(s Matorials Bre, GPOBA 400,112/13445, 16 Fobs 134.5.
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In tho intarmodiate zono thorc aro visible a numbar of linos, rathor
rogularly spacod, which point toward tho forvard ond of tho slugs
Thoro is anothor charactoristic bolioved to bo at loast ogually as
important, namely, a structural pattorn which is just baroly visiblo
and only in tho contor aroa, uppor half of tho slug in Figuro 2A.
Brforts woro mado to dovolop this pattorn mors cloarly without dcop-
ening oxccesivoly tho cracks and lino structuro. Cenficld'!s roagent
(a coppar salt ctch) and long oxposuro to pioral made tho structurc
visiblo but 4id not dovolop sufficiont ocontrast for photography; tho
pattorn was thoroforo sikotched. A roproduction of tho skotch is
prosontod in Figurc 2B.

Ce Motallographic Examination

To facilitato motallographic oxemination, two piocos
woro cut at approximatoly ono third of tho longth from oithoar ond
of the slug and waro mountod with the longitudinal plano through tho
contar oxposod for oxamination. Tho strusture of the outor, intore
modiato, and contral zonos 4id nct vary approciably botwoon tho two
locations. Tho photomiorographs at 100X and 100X prosontod in
Pigurc 2C wore proparcd at positions A, B, and ¢ showm in ®iguro 3
and aro roprosontative of tho structurc of the outer, intermediate,
and central zonos, rospoctivoly. The photomicrographs aro mountod
with tho vortical odgos approximatoly parallol to tho longitudinal
axis of tho slug. Sovaral commonts on tho structurc appoar to bo
portinont:

Position A - Outer 2ono - Structuro consists of sphoroidal
carbidos in a matrix of faorrito. Thoro is no ovidonco of ccld work
distortion in tho forrito.

Position B - Intormodiato zone - Structuro consists of
poarlito and somo rolativoly largo carbides in a matrix of ferrite.
Apparantly this zone was hoatod onough for a sufficiont timo to in-
duco a solution of most, but not all of the carbidos; subsoquont
ecooling dovolopod tho structure indiocated, The farrito graln sizo
a8 approximatoly tho samo as that of position A 1In tho uppor
micrograph at 100X therc is a linc running st approximstoly A5°.
This 1ino appoars tc bo rolatod to tho lino structurc which was
notod aftor otohing with hot hydrochloric acid (figuro 2A).

-
?“V

1]

.

Position 0 - Qentral zone = Tho structard is similer to that
of Position Be Although tho ferritic grain size is samowhat irrogular,
it is approximatoly tho samo as that of positions A and B:. Thore aro
somo orack linos visiblo in tho lowor powar micrograph.

D. Rardnoss
Duo to the fact that o smallor impression is mado with
the Vickors Diamond Pyramid indontar than with tho Rockwoll ball, it
was folt nosossary to use Vickars roadings, particularly in tho

-2~

CONFIDENTIAL

. J —
P g

, A

T e




CONFIDENTIAL

outsr zons near the edge, to obtain reliable values, The results of
8 Vickers Diamond Pyramid, 5 Kg. Load, Survey are shown in Pigure 3.
The uardness varied from 89 D.P,H. (equivalent to 47 Rockwell B
according to A& T.M, Designation E-33-42) to 116 DsP.H. (equivalent
to 65 Rockwell B)s Although thers was no cloar trend, tho contral
zono appoarod to bo slightly hardor than tho othor rogions.

2+ Discussion of Rosults

Intorprotation of tho macrostructuro and misrostructuro is
complicatod by tho fsot that tho circumstancos surrounding tho dofor-
mation aro unusual, In particular, tho timo during which tho struc-
tural changos aro offoctod is not known but prosumadbly is vary shor.
Thoro is ovidonoo that a high tomporaturo was dovelopod in tho cono
during doformation, but it is difficult to make ovon a rough ostime-
tion of tho maximum tomporaturo becausc dissolution of carbidos
roquiros diffusion of oarbor and is a function of both timo and
tamparaturo. Furthor, thoro is vary littlo litoraturo on rapid
transformations, and, ovon if tho timo woro known, it would still
bo impossiblo to supply a prociso ostimato for tho maximum tomporaturo,
Tho forrito grain sizo and othar microstructural charactoristics of
tho original cono aro not known. For thcso roasons, and also boocauso
only ono slug was axarinod, tho following statomonts should bo rogardod
only as "intolligont guossos" and not as incontrovartidlo conclusions.

It appoars that tho linocage structuro dovolopod by a hot
hydrochloric acid otoh (Figuro 2A) roproscass ;iands € & sar (800
also Figuro 2¢, 100X miorograph for position B}, whoroas tho pattora
dovolopod by long oxposuro to a pieral oteoh ruprosants tho sogroga-
tion ("fibor®) pattarn and is moro indicativo of tho naturo of
motal flow.*

It ia suggostod that tho outor layors undorgo vory little
lorgitudinal shifting during collapse, As tho motal on or noar tho
innor surfaco collapsos inward, mooting othar motal flowing toward
tho contor, with furthor prossuro from tho outside, a forward moving
stroam is gonoratod at tho contar, Tho rtrossos loading to comploto
collapsoc gonorato shear linos which woro mado visible by a hot aeid
otch,

With rospoct to the tomperaturo rcached, tho fact that tho
outar zono contains forrito undistorted by cold work and that spheroidal
carbides arc prosont suggosts that tho tamporaturo of this area was

* Although this oxplanation may still be corroct, it is boliovod
now that tho pattorn dovelopod by long axposurc to pierie acid is
probably a rofloction of a diractional toxturo which was prosont in
tho original cono distortod by doformation of tho cono, lMotal flow
appoars to be similar to that notod in tho M9AL conos,.

-3-
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abova tho roerystellization tomporaturo of forrito (approximatoly
1200°Fs }, bu% bolow tho lowor critical temporaturo (1335°F.) (Tho
tamparaturo might havo slightly oxcoedod tho critical for a vory

short time without inducing carbido solution.) Thn intormodiate

and ccntral 2onos appoar to have beon hoatod ovor the lowor critiecal
tamporaturo, sinco tho sphoroidal structuro has boon almost completoly
replacod by a poarlitie structuro. Thoro is no ovidonco of comploto
fusion. As indicatod proviously, it is not possible to mako a moro
prociso statomont with rospoct to tho moximum tomporaturo,

It appoars that a portion of the roar of tho slug was not
rocovorod. Tho forward ond appoars to havo boon distortod slightly

by impact with tho rocovory medium, as indicatod by tho bulging
and cracks in this aroca,
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o APFENDIX B

]

~ - Comments by Dr. Birkhoff* on lottoer report**
Outiining Rosults of tho Current Investigation.

le Tho observod lack of shifting of longitudinal distancon
(not roally areas) ncer the surfaco is prodicted by tho "jet tiu.ory®
of linod hollow charges, according to which tho surfaco consis'y of
wfroc stroamlines®™ (in tho hydrodynemic sonso),

2+ Tho obsorved shifting forward in tho slug of regions interior
to tho cono is also predictod by this thoory, which exprcssos masho-
matidally tho pieture described in Figuro 7. This pisturo is just
that revealod by tho high-apoed X-ray pictures of Major Clark anl
Dry S00LY.

3+ Tho invartod V structure noar the arox has not doon ob-
(* sorvod boforo. It is probably due partly to tho fact that tho
. %gonos" aro actually rounded noar the apex, dut it should bo moniioned
that computations by Profossor Emmons, based on tho hydrodynamie
spproximation, indicatoe tho axistonce of such a rogion, ovon with
porfoct conose

i Le Tho broaking of tho slug has also boon obsorved in X-ray
ploturos, but is not fully undoratood.

) 5« Tho hoating of tho contral rogione has boon predictod on
. tho “asis of tho hydrodynamic jot thoory; it may ocasily *0 showm
mathamatically that tho groatcat doformetion occurs the: ge

6+ It is baliovod that tho yrosont tosts assist in ramoving
tho mochaniam of cono collapso from tho roalm of controversy, es
thoy support the ovorwholming evidonco from X-ray picturos.

37 A mombor of the Appliod Mathomatics Group, Harvard Univorsity,
Conaultant to Abardoon Proving Ground.
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